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Abstract—A larger set of simultaneous data from the Apollo 12 lunar sur-
face magnetometer and the Explorer 35 Ames magnetometer are used to con-
gtruct a.wﬁoie-mobn hysteresislcurve; fyom which a new value of global lunar
permeabilﬁty is determined to be p = 1.012 & 0,006, The corresponding glo-
bal irduced dipole moment is 2.1 x 1018 gauss-—cm3 for typical inducing fields
of 10_h gaués in the lunar environment. From the permeability méasuremenﬁ,
lunar free jron abundance is determined to be z2.5 £ 2,0 wt., 7. Total iron
abundancé (sum af iron in the férromagnetiC‘and.paramagnetic states) is
calculated for two assumed compositional models of the lunar interior: a
free iron/orthopyroxené lunar composition and a free‘iron/olivine'composi—
tion., The overall lunar total irﬁnlabundance is determined to be 9.0 & 4,7
ﬁﬁ; %; Other lunar models with a emall iron core and with a shallow
iron-rich layer are discusSEd.in light 0+ the measured global permeability.
Effects on permeability and iron conignt caloulabions due to a possible lunar

jonosphere are also congldered,



INTRODUCTION

Theoretical calculations of whole-moon iron abundaﬁce have been made
by several investigators, often based on meteorite compositional models,
Previous estimates for total iron abundance have generally been ~ 107 by
weight (ﬂ%ey) 16623 Reynolds and Summers, 1969; Urey and MacDonald, 1971;
Wanke et al., 1973).

Emplacement of a network of magnefometer experiments on the lunar
surface by Apollo astronauts in 1969-1972 has allcowed investigation of
lunar iron content and magnetic permeability, using in situ magnetic field
measurements made simultaneously by instruments on the lunar surface and
in orbit near the moon. From these simultaneous measurements whole-moon
hysteresis curves can.be constructed, from which global magnetic permeability
can be calculated, (Behannon (1968) previcusly had calculated an upper limit
of 1.8 for global permeability using measurements cf.a gingle lunar crbiting
magnetometer,) The éual—magnétometer method wag first erployed oy Dyal and
Parkin (1971), whe caliculated whole-moon relative magnetic permeability to

be p = 1,03 + 0.13, The uncertainty in this value was later reduced to

L o.oek
~ 0.019

used to caleculate ferrcmagnetic free iron in the moon to be 5 = & wt. %,

= 1.029 by Parkin et al, (1973). This measured permeability was
and total ircn in the moon to be 9 * L wt,%,

In this paper the earlier work of Parkin et al, (1973) is extended.
New values of global permeability, free iron, énd total iron are determined_
usiﬁg more data, improved statistical techniques, and better quantitative
knowledge of the plasma~magnetic field enviromnment of the moon., Few hys-
teresis curves are plotted usging a tetal of Z703 sets of magnetic field
averages of data measured simultancously by the Apolle 12 lunar surface

ragnetorater and the lunzr orbiting Zrplorér 57 megnetomeler. Slopos ol
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the hysteresis curves are used to calculate magnetic pérmeability of the
moon, from which we calculate free iron gbundance in the lunar interior.
Then we calculate total iron abundance of the moon for assumed free irén/
paramagnetic.mineral cbmposificns-cf‘the lunar interior. Also, we discuss
other 1u£ar models, one with an iron core and\another with-an iron-rich
layer, in light of the measured global lunar permeability. Finally, Russell
et al, (197h) have recently made permeability ealeulations using data from
a8 single magnetometer, the Apdllo 15 subsatellite magnetometer orbiting at
_ an altitude sbout 100 lm above the moon. The resulis to date indicate the
possible exiétence of a lunar idnosphere between the lunar surface and the
subsgatellite ofbit. We consider the effects of. such an ionosphere, éhould
its‘existence be provea, upon the lunar megnetic permeability and ircn

abundance results,

EXPERIMENTAL TECHNIQUE
Dﬁiing times when the moon is immersed in aﬁ external magnetic field
which is spafiall& and temporally uniform, and plasma interaction effécts
are minimized, the total magnetic field B measured at the lunar surface by

an Apollc‘magnetometer is expressible as
B=pH=H4+ bt (1)

where i is the external magnetizing field and M iz the magne®ization field
: L
induced in the permeable lumar material.(see Fig, 1). The relative magnetic <f§§g.

permeability is p = 1 + Yk, where_k is magnetic susceptibility in emn/cms.
(In equation (1) the remesnent field at the surface site is subtracted out

for simplicity.) The total surface rfield B is measured by a lunar surface

magnetometer (LSM) located at the Apollo 12 site on the moon (selenographic
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coordinates 23.4° W. longitude, 3.0° S. latitude). ILSM instrument proper-

ties are described in detail by Dyal et al. (1970) and summarized in

companion paper in this volume (Dyal et al., 197%). Simdtaneous measure-
ments of Lhé geomagnetic taii field H ére rade by. the lunar orbiting
Explorer 35 Ames magnetometer,mwhich orbits the moon with 0.5 Rm periselene.
“and 5 R aposelene at a period of 11,5 hours. Characteristics of the
Explorer 35 magnetometer are outlined by Sonett et al. (1967).

To determine iron content and}mégnetic permeability of the moon, we
first consbruct a lunar B-H hysteresis curve uéing simzlianecis measurements
of the magnetizing field H external to the moon and the fotal magnetic in-
duction B on the lunar surface, The slope of the hysteresis curve 1s then
determined and the whole-moon initial permeability is calculated. This
value is called the "initial"” permeability because it is assoclated with
the B-H hysteresis curve at very small magnetizing fielc Hlorder of ZLO“LL Oz,

1t
e}

At these small field values, the characteristic shape of the hysteresis
curve degenerates to e straight line through the origin (Ellwood, 193L),
Then from the glohal permeabiliity, iron azbundance in the lunzr interior is

determined as a function of thermal and compositional models of the lunar

interior,

MAGNETIC ENVIROIMENT IN THE GEOMAGNETIC TAIL

In different regions of a lunar orbit (seé Fig.'E), the magnetic

/
p-e
k)

¥

environment of the moon can have distinctly different characteristies. Con-
ditions desirable for analysis of lunar pe%mﬁability and iron content exist
in regions of the geomagnetic tail where the earth’s magnetic field ig
spatially uwniform and temporally constant, and effects of plasma currents

are neglisible,



The geomagnetic +ail is formed due to an intgraction of ihe earth's
permanent,dipole.fieid with the plasma flowing radially outward from the
sun aﬁgan average velocity of ~ 400 km/sec; in effect, the earth'é Tfield
is swept back into-aféylindfiqal regior {the geomegnetic tail) on the earth's
' antisola£ side. At the distance where the moon's orbit intersects the tail,
the field magnitude is ~ 10 gammas (:Lo'lL Oe). Substructure of the tail
consists of two "lcbes": the upper or northward lobe has its magnetic field
pointing roughly toward the earth, whereas the lowsr lobe field points away
from the earth, The moon can pass through either or both lobes, depending
upon. the characteristics of the particular orbit, the geomagnetic dipole
'-axis»orientation, and perturbations of the georagnetic field by solar wind
pressures. |

Data mst be carefully chosen in the geotail so that interaction modes
and induction modes other than glebal magnetization, are miniwmized, Tn
general, it is possibie that the total measured surface field B can include
field contributions in addition to the geomagnetic field H and the magneti-
zation Tield M induced in permeable lunar meteriel. These other possible
contributing field modes, some of which are very important in regions of
the Iunar orbit oubside the geomagnetic tail, are the following: {1) the
steady remanent fleld B, due to permanently magnetized subsurface materials

R

near the Apollo magnetometer site, (2) the toroidal field resulting ‘from

B

transverse magnetic {TM) induction, (3) the poloidal field B

By resuliing from

transverse electric (TE) induction, (4) the field B associated with dynemic
interaction between plasma flow and the above lupar fields, and (5) the field
B, associated with plasma diamagnetic currents. We examine here each of

these pogsible fields to assess its impact on our study of the lunar magneti-



The remanent field §R will not affect the hysteresis slope measurement.
Since By is constant, its components added to equation (1) would, for
hysteresis curves plotted for the separate field compcnents of B and H,

simply result in a shift of fhe hysteresis curve away from the origin with-
out altering the slope. Indeed, the radial component of B, ot the Apollo 12
site has beén aubtracted out of the lunar hysteresis curve presented in

Fig. 3.

The toroidal mode ET would result from currente driven in the lunar -
interior by a motional electric field Em <V x H, where ¥ 1s relative velocity
of the moon with respect to the ambient bulk plasma flow, This type’ of field‘
has not been detected within experimental error by lunar magnetometers (Dyal
and Parkin, 1971) even in the solar wind, where V ~ 400 lkr/sec, much faster
than the moon could move relative to the geomagnetic tail field during quict

times (lumar orbital veloelty is 1 ¥m/cec and gecusgneti
o y g g
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velocity is generally ~ T0 lm/sec (Mihzlov et al., 1670)}, Furthermore, 3.,

is everywhere toroidal to Em and tangential. to the lunar surilace {Schubert
and Schwartz, 1969; 8111 and Blank, 1970); therefore, contaminating effects'
of this induction mode can be neglected by use of only the radial components
of B and H in our hysteresis curve analysis.

The induced poloidal field g? resulis wnen time-dependent fluctuationg
of the field external to the moon (BE/Bt) drive ed@y currents in the lunar
interior. E? is the dominant induction mode during times when the moon is
immersed in the turbulent, repidly changing solar wind field; however, in
the 1imit of low-frequency or small-amplitude driving field fluctuations,
as in the tail, 3H/dt » O and poloidal induction vanishes. Therefore data-
selection restrictions are placed on peak-to-peak variations of surface and

external fields (o be dizoussed larer) vo elipdnate data OUVICUELY
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contaminated by eddy current fields. Furthermore, since glcbal induced
EP fields have dipolar syrmmetry about the direction of 3§/at, rather than
H, poloidal contamination would tend to scatter hysteresis curve data. rather
than change the hystefesis éurve slope.,

| Wheﬁ the moon is in the free-streaming sgolar wind outside the geomag-
netic tail;. the dynamic Interaction fields (§F) caused by. the interaction
between solar wind plasma and the lunar surface fields ER have been found
to be < 16 gamras at the Apolle 12 site (Dyal et al,, 1973). Plasma stream-
ing pressure responsible for compression of surface flelds is (1/2)ﬂimPV2?
where Ni is proton nunber density, Ty is the proton mass, and V is the
plasma bulk sﬁeed. Ve assume that the typical plasma speed in the tail is
characterized by the éverage magnetopause motions which are about 70 km/sec
(Mihalov et al,, 1970)., Deep in the magnetotail lobes the plasma density
is substantially below the density of O.l/cm3 measured in the placma sheet
{Rich et al., 1973). Therefore the vlagma-field interaction in the geotall
shouid be at least 103,times weaker than in the free-gtreaming solar wind
and can be neglected,

Another possible contaminating field is that due to plasma diamagnetism.

As plasra particles spiral about the magnetic field lines H, their motion
induces a field (§D) which opposes H. Plasma dismagnetism in the solér
wind has been measured (Coiburn et al., (196Tj; Nesz et al., (196?)) as a
field magnitude change of about‘l.S gammas by éompariﬁg Expiorer 35 measure-
ments in the solar wind with those in the plasma void on the antisolar side
of the moon. Expiofer 35 ig unable to measure gﬁ'difectly in the plasma
sheet of the geomagnetic tail, however, since there is no well defined
plasgms void cféated by the moon in the tail comparable to the antisolar
cavity formed in the 30l27 wind, 4n Avncllo nagnetameder cn the lunar sﬁfgace
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should be shielded (at least partially) from extralunar diamagnetic effects;
indeed, we have examined extensive data taken when the moon is near the -
neutral sheet, and we have seen differences as much as 2 gammas in flelds
measured by Apollo 12 LSM and Explorer 35. These field differences ave
directedﬁsuch thaf They opposévthe direction of the earth's field H, charac-
teristic of diamagnetic fields. We have found that we can minimize the
inclusion of plasms diamagnetic fields in our hysteresis curve analysis by
eliminating &1l data for vwhich the measured Lxplorer 35 field megnitude
1| < 61077 Oc. This daba selection eriterion is applied so that only dais
from regions deep in the tail lobes are utilized. |
Diamagnefism in the external envifonﬁent produces the sanme effect in
hysteresis-curve anal&sis as does paramagnetism in the lunar interior, i.e.,
paramagnetism determined for the moon is only relative to that of the limar

environment. Therefore il diamagnetic field data sre included in the radial

o3

B-H hysterceis curve analysis, *he meagured glcbal permeability will be
higher than the true lunar permeability. Tn our earlier work (Parkin et al,,
1973), the calculated permeability was higher than in this paper, due in

part to inclusion of some plasma sheet data in the analysis.

MAGNETIC PERMEABILITY OF THE MCON

Magnetic permeability and iron abundance of the moon are calculated
by analysis of regnetization fields induced in the permeable material of
the moon. When the moon is irmersed in an exbternal field it is magnetized;
the induced magnetization is a function of the distribution of permechle
material in the intericr, Under the assurption that the permeable waterial
in the mcon is predominately free iron end iron-bearing minerals, the lunar
iron sbimdance can be calculated from the lumar permesbility for sassumed
cempositional medels of the interior, Since the

8-
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amount of iron present in the lunar interior should be consistent with the
measured global magnetic permesbility, the permeability in effect places a
constraint on the physical and chemical composition of the moon's interior. .
In this se~tion we caléulate'global megnebic permeabvility of the moon. Tunar
iron abuﬁéance will be determiﬁed from the permeablility results in the follow-
ingz section.
Theory

For the lunar permeability and iron abundance analysis we use a {wo-
layer lunér model (see Fig, 1), Ve asswre that free iron and chemically
conbined iron in the Fe2+ (ferfous) state are respongible for the magnetic
permeability of the luwar interior, and we model the moon with a homogeneous
paramagnetic rock matfix (olivine and orthopyroxene models will be used),
in which free metallic iron is.uniformly distributed. Since the suscepti-
oility of free irom changes geveral orders of magnitude at the iron Curie
tenperature (T ), a two-layer nmodel is used with ‘the core-shell boundary =
at the Curie isotherm. TFor R > Re, T < Tc, and for R < RC, T > Tc. ‘There-
fore?%r> Rc any free iron will be ferromagnetic, while at greater depths
where T > Tc’ the free iron will be paramagnetic.

For the two-layer lunar permeability model illustrated in Fig. 1 the

total field at the outer surface of the sphere iz expressed (ses Parkin

et al.,, 1973):

B =1, (1+26) £+ 0 (1-0) § + 7, (10) 2 (2)

where

(2n+1)(pg-1) ~~h3(n—1)(2u1+1)

G = _ .
(Pt} (=) - 227 (n=1)u,-1)
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Here 1 = pl/ugg by and by aTe relative permeability of the shell and core,
respectively., Again, H are copponents of the geomagnetic tail field
external to the moon, measured by the lunar orbiting Ames Fxplorer 35 mag-

netometer; B is measured by the Apolle 12 lunar surface magnetormeter. The

b

permeability extericr to the sphere is e = 1, thet of free space; A = RC/Rm;
(]

R, and R are radius of the core and the moon, respectively., Eguation (2)

expresses the total surface field in a coordinate system which has its origin

"J

on the lunar surface ah an Apollo magnetometer site: % is directed radially
outward from.ﬁhg lTunar surface, and ¥ and Z are fangentlal to the surface,
directed eas ward and northward, respectively.

A plot of any componenﬁ of equation (2) will regult in a B - H hys? tevesics
curve. Equation (3) relates the slope of the hysteresis curve to uke lunar

permeability., The averaze whole-moon permeability p Is calcoulated from the

hvsteregis-curve slops by selbiting =g in equaticon (3)¢
i _Jp«'l My .

Ry ()

Hysteresis curva data selecticn criteria

The most vecent data reduction has resulfed in the global lwmar

hysteresis curve shown in Fig. 3, This curve has been constructed using a 7§

total of 2703 simultaneous Apollc 12-Explorer 35 magnetomeler datsn cets
) 3
measured during four orbits of the moon through the geomaznetic ta;l

(In the earlier permeability calculation (Parkin et al., 1973) & smaller
quantity of 205 data sets was used, with less strict data selection eriteria.)

The present hysteresis curve dsta have been carefully selected to mini-
mize the aforementiored contaminating induction and intersction field modes.
For reasons described in the previous section, contamination from plasme

CeRMieoameat Lo minlidioed by eliminen

ciamegnebism ) in the ot
D
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data points for which the magnitude of the externzl msgnetizing field
Ml < @107 ce.

Sinceikﬂcidai édd&—burfeﬁt’inducfion (Eé) is dependent upon time rate
of change of the extefﬁal‘field (3H/3%), contamination from the poloidal
mode is minimized by réétrictiﬁg variations in the driving field H. Two-
minute intervals of H and B data'(with iEl > 6x10-5 Oe) are examined using
a computer proéram designed to select intervals during which the Fxplorer
35 and Apollb 12 data peakéﬁo-péak variations are < 2x107° Oe and < 1x107° Oe,
respecfively. Data which cualify under these criteria are then averaged
over the two-minute intervals,.and the averages are plotted to construct
hysteresis curves, For likely lunar electrical conduetivity profiles (Dyal
et'al., 197%), the peak-fo—péak criteria imposed on data, limit poloidal
field induétion to magnitude < O.?lgamma. Ve éﬁerage data over two-minute
intervals, however, so that the pousible error due to poloidal induction
ig ruch less than C.7 garma. Furthermore, since‘EP ig not a functiom cf
H but rather of JH/3t, errors due to peloidal induction could add scatter
to the linear hysteresis curve, but not change its slope. The same data-
selection process has also been.repeated.for giz-minute intervels of H and
B data, wiﬁh similar results. These peak~to-peak criteris have heen employed
both %o minimize poloidal field contamination and to insure wilformity of
the field E over a region larger than the distance between thb-ﬁpollo 12
and Explorer 35 for all selected data.

Wé-note here that similer peak-to-peak criteria could not be applied
to simultaneous Apollo 15 LSM and Explorer 35 data since by the time Apolio

15 was deployed 1% years after the Apollo 12 éate were taken, the Fuplorer

35 magnetometer data were contaminated by a spin tone modulation, of period

-

B s N SRR At T A e yerid o T "
~~ Q0,0 rmin, wvidch cauged peal-Tto-psei ofeillations ad rmuch ag o210 7 Ge
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during quiet times in the geomagnetic tsil, Therefore as yet we have been
wnable to update the Apollo 15 vesults which we reported earlier (Parkin
et al.,, 1973), and we consider only Apollo 12 data in this paper.

In our calculations of the whole moon permeability wé use only resulis
from the‘raﬂial cormponents of E and H data for several reasons., When the
moon is in the geotail the Apollo 12 LSM location on the lunar surface is

such that on the average, the peotail field has a radial component at leasi

twice ag large as either or z tangential component, il,e., H =22 7 .
3 i 3 ? o oo
- P R

Algo, for the dipolar magnetization field M, M /I =2 1 /a2 {cee
=T Tu Ve TY,2Z

equations (1) and (2)). Therefore 1 2 kM - i,e., the resolution of the
magnetization field is at least four times greater using the radial com-
ponent; Furthermore fwo contaminating field modes are minimal in the radial
component, Toroidal fields BT are not present in the x-component as explained
in a previous section, and placsma interaction effeethe {meagurad in ihe solsr

wind) are much lower in the x direction ai the Avcllo 12 site: BT"jE o 0,0

B~ 0,7 {(Dyal et al., 1972).

and BFX/ -

Global rmecsmetic permeability and induced dipole moment

The global 3Junar hysteresis curve which meets data selection criteris
discusged in the previous section is shovm in Tig. 3. Apolle 12 averages
of radial (x) components are plotted on the abscissa with simultaneous
Explcorer 35 averages on the ordinate; 2703 sets of selected two-minute
averages are used. The gap in the center of the curve is a result of the
dats selection criterion which eliminates data measured when the moon is
near the neutral sheet., The familiar "8" shape of the hysteresis curve
degenerates at these low field values to a straight line (Eilwood, 1934)

intersecting the origin. The x-couponent of the remanent Tield at the

E s A I P SR R e e b ; L R -
Spellda 10 sihn hae weon guwhyaoccod Dror o Aralle 2 Lots, Sonhio e



set a least squares line has been fitted. The best estimate of the slope
is 1.008 % 0.00k4, |

The least-sguares result ié ohtained as‘foilcws. Since both Explorer
35 and Apollé 12.data‘héve-éfrofs assumed to_bé mitually independent and
Gaussian‘in nﬁtﬁre, neither‘da%a sét can be considered to be the indepeﬁdent
sef; For this reason two linéar regression analyseslhave been uged, one
wifh Bx as the'ihdependent variable;'and the other using H& as the incepén-
dent variable, The two regression coefficients have been calculated to be
1,005 % 0,002 and 1,011 * 0,002, respectively; the * 0.002 error limits are
staﬁdard errors, To get ﬁhe final value we have Bisected the angle'between
the two least;squares lineé and éalculated the slope of the bisector to be
1.008.: The 95% confiﬁence interval of the regression analyses igs * 0,004
therefore our caleulated best estimte of the ‘slope is 1,008 * 0,004,

Scatler in the Apollo 12-Explorer 35 data points of Fig., 3 is prinarily
-a result bf magnetic inhomogéﬁeities,between the moon and Explorer 35, small
contributions from eddy current fields, snd instrumental noise and offset
errors in the Apollio and Explorer mognetometers. These error scurces may
introdﬁce small random fluctuations into the date which will not substan-
tially affect the slope or intercept of the least-squares line.

& From the slope we calculéte global relative magnetic permeability‘of
thé moon to be y = 1,012 ii0.00G using equations (2) and (h). Both extrems
are greater than 1.0, implying that the moon, és a whole, acts as a para-
mgnetic or weakly ferromagnefic sphere.

The global induced dipole moment can be calculated from the global
peé%éﬁbility. The induced dipoie moment is expressed as GRm?H, in wits of

g&uss-cm3; the hysteresis curve slope = 2G + 1. Using Rm = 1.?hx108 em and

)
el - . ~
geomagnetic tail field X = 10 ° Ce, the induced dipole moment is dstermingsd
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to be E.lxlO18 gauss-cnp.

TRON ABUNDANCE IN THE MOCN

In this section we calculate free iron and total iron abundsnces in
the moon -from the global permeability result of the preceding section,
Calculationg are in general dependent upon thermal and corpositicnal models
of the lunar interior, and are constrained by the known luner density and
moment of inertia,

Theory

We refer again to the two-layer model of the rwon shown in Fig. 1,

The core-crust boundary at = = Rc is the iron Curie isotherm (assuméd to
be spherically symmetric); its location is a funetion of the thermal pro-
Pile of the linar interior, In our calculations we assume the moon is
composed of a homogenecus mineral (orthopyrovens or olivine) of lunar den-
sity .34 gm/cmaa Tree ivon grains are disgpersed wiformly throushout the
lunar sphere, Fer R > RC any free iron is ferromagnetic while at greater
depthe vhere T > T, the free iron is paramagnetic.

In the outer shell there aré both ferromasmetic and paramasnevic con-
tributions to the total magretic permeebility py = 1+ hﬂki. The suscepti-
bilitj of the shell is ki = klc + kla’ where kia is "apparent" ferromagneﬁic
susceptibility and kic is paramacnetic suscepiibility. The Perromagnetic
compenent is metallic free iron, assumed to be compesed of multidomain,
noninteracting graing; the paramagnetic compeonent is F92+ combined in.the
orthopyroxens or olivine rock matrix, The expected pressures and teiera-
tures in the outer shell are such that the ferroragnetic susceptibility of
iron will not be substantially altered (Bozorth, 1951; Kapitsa, 1955).

The mesgured ferromacnetic susceptibility of the ghell materizl is an

-1l



apparent value which differs from the intrinsic'férromagnetic'susceptibility
'of the irom becsuse of self-demagnetization of the iron grains and the volume
fraction of iron in the shell, The apparent ferromagnetic susceptibility

kLa ig rélatéd to the intrinsic susceptibility'kif according to
0.01p LI

) I ——
la " 14+ M klf

(5)

where N is the shape demagnetization factor of the grains and p ig the volure

percentage of free iron in the lunar material. TFor spherical iron grain

N

N = Mﬁ/3 theorgtically, but experimentally this value is. found to range from
3 to 4 (Wagata, 1961), We shall use N = 3.5 in our calculations,

" Unlike the free iron, the paramagnetic iron in the rock matrix has a
continuous suééepﬁibility ecross the Curie isotherm, For the combined iron

the sugceptibility varies according to the Langevin relation:

) .
Ky, = 1 /3KT | (&)

where K ig the Boitzmann constant, T is sbsclute temperature, n is the nuwber
of ions per gram, and m is the atomi¢ moment. m is of the order of a few

Bohr magnetons Hps €e8es for the Fe° don m = 5.25 py, B0 5.53 by (Nagata,

Fer B < RC the Tlwnar material is paramsgnetic only, with susceptibllity
= . k¥ 1is the contribution of paramagnetic cherically combined
Ky =y, + By Kpo v g - 4
iron and k,, 1is the contribution of free paramagnetic iron above the Curie
temperature, Again, kEa is only an apparent value and is related To kgf,
the paremagnetic susceptibiiity of free iron, by an equation similar to (5);

and k?c ig dependent cn temperature with a relationship amalogous to equation

(6).
n15_



Compoaitionzl and thermal odels

Tunar iron abundance is determined for two compogitional models of the
lunar interior. Recently Kaula et al, (197L) have determined the lunar
morent of inertia T to be I/MRm? = (3,3952 % 0.00AS, where Ml and Rm are
lunar wass and radius, respectively, This value is approximatcly that of
a homogeneous sphere of constant demsity (I/MRmE = 0,b400); therefore we agsure
g moon of uniform density o = 3.3k g/cmB, i.e., we will use horogencous
conpositional models,

In *the first commcsitional medsl we concider the lunar sphere U0 e
corposed of orthopyroxene (xFeSiOB . (1—z)MgSiO3), vhere x is the mole
fraction of thé Fe2+ phase present, TFrec iron grains are dispersed uni formly
throughout the sphere; In a second model we réplace the orthepyroxene with
olivine (xFeQSiOu . (1-X)Mg23i0h). Pyroxenes and olivines have been reported
Lo be major mineral compononts of he lunsr suriaoec fines and rool waonples

{(Wagata et al,, 1671l Zuscman, 19723 Heeksn, 10723, with corpincd dron proesont

Do
as the pararmagnetic Fe ' ion. The ferromegnetic conpenent of lunar samnles

ig primerily metallic iron which is sometimes alloyed with grall amounts‘of
nickel and cobalt {iagata et al,, 1972; Plerce et al., 19?1}. This fres
iron is thought to be native to the moon (recause of its low nickel content )
rather than mebecritic in origin (Etrangway et al., 1973). Orthopyroxene
and olivine wodels are consistent with geochemical studies (Urey et al.,
1971; Wood et al,, 1970; Ringwood and Essene, 1970; Green et al., 1971) and
geophysical studies (Toksaé, 1974).

Since the susceptibility of free iron changes several orders of ragni-
tude at the iron Curie lemperature (Tc)’ a two-layer model has been used,

with the core-shell boundary R, &t the Curie isotherm {zee Figure 10).
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The Curie isotherm location is determined from the thermal profile used ;
for a particular model, PFig. 4 shows the dependence of_Tc on depth in the riﬁg;.
moon for hydrostatic equilibrium, superimposed on temperature profiles
proposed for the moon'ﬁy several suthors; the inereased pressure of the
interior_%ill decrease the_iroﬁ'Curie point by zbout T:v.lO“3 ¢ per atmosphere
increase in pressure (Bozorth, 1951}, For the calculations that follow, we
have congtructed threc terperature models to gpan the range of tenperature
profiles in Fig. b, Presently we use two-layer temperaturc profiles for
gsimplicity. For model profile Tl the Curie isotherﬁ ig spherically sym-
metric and locgted at Rc/Rm_: ¢,9.7 Shell and core temperatures are 600 °c
and lhOQ OC, respectively. TFor the model profile T2 the shell is 5CO0 OC,
and the core.ié 1300 OC, while the Curie isctherm boundary iz at RC/Rm = 0,85,
Temperatures are 300 ®c and 00 OC.for ghell and core of model profile TS’
which has Rc/ﬁm = 0.7,

Normally the fervomsgnetism of free iron is dependent on presggure as
well as temperature, At very low magnetizing field strengths such as thoze
of the geomagnetic tail, however, the susceptibility of iron is not strongly
dependent on terperature below the Curie point (Bozorth, 1951)., Uniaxial
stress on iron changes ite susceptibility (Kern, 1961); however, hydrostatic
stress should not affect the susceptibility (Kapitsa, 1955) unless, at very
high pressures, thére ig a change in volume (Rreiner, 1967). Therefore we
nssume thet the susceptibility of uncombined lunar iron is independent of
pressure, In thg outer shell where T < Tc, we define intrinsic ferromagnetic
susceptibility of the free iron to be ky, = 12 enm/cm3 (Bozorth, 1951), and
in the core where T > TC, free iron intrinsic paramagnetic susceptibility

is Ky, = 2 x lO_h emu/cm3 (Berkowitz and Kneller, 1969; Bozorth, 1651).



¢lobal lunar iron abundance

Using the informetion described in previous sectlons we have generated
the curves shown in Fig. 5, which relate free iron abundance {¢) and total
iren spbundance {Q) to hysteresis-curve slope, as follows, The apparent
ferromagnétic susceptibility of free iron in the shell (klf) and the apparent
paramagnetic susceptibility of free iron in the core (kza) are each calcu-
lated as o Tunction of the free iron sbundance {¢) using eguation {5). The

shell-core boundary is defined by the.Curie isotherm used for a particular

o

G st i, . =S R .
terperature model. In addition, the mole fwaction of the ¥a7 phaze in para-

magnetic rock used in the model {orthopyrozene or olivine) is constrained
by q and the bullk density., lole fraction of‘Fngh is related to suscepti-
bility using the experimental data of Hagata et al, {1957) for olivine and

Arimoto et al, (1953) for orthopyroxene., Furthermore, uging the Langevin

and thus find Feoo suzceptibility in the shell (k&
pur three temperature models, Then we conbine susceptibilities to obtain
tctal sghell and core suscephibilities, kl = kla + kic and kg = k?a + kéc‘

as a function of g, after which we use ky and k, in equation (3) te relate
frec iron abundance g directly to G as shown in Fig, 5. G is related to
the slope of the hysteresis curve: slope = 2G + 1.

We complete Fig. 5 by determining @, the tofal iron abundance in thsz
moon, as a function of G. Total iron @ is the combined abundance of free
iron and ferrous iron. From the previously determined mole fraction of
the Feg+ phase in the paramagnetic mineral, we calculate the mess of ferrous

jyon as a function of g. Then we 2dd the ferrous iron mass to free iron

mass and get the total mass of iron in the moon, and thereoy the total iron
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We note that for q > 1 wht. % the susceptibility of the moon is dominated
by the ferromsgneitic iron (generally Ky, > Ky, >y ﬁ'kga) and therefore
the relationship between G and g.is independent of the composition.of the
ferrous component (olivine or orthopyroxene)f ‘Total iron sbundances differ
for the two compositional models because of the different iron contents of
olivine and orthopyroxene.

Fromrour measured hysteresis slcpe of 1.008 % 0,004 we calculate
¢ = 0,004 * 0,002, Using this range of G, we [ind from ¥ig, 5, free iron

sboundance g and total iron abundsnce Q for each thermal and compositionsl

-

model, These iron abundances are swmmarized in table 1. L :;i%ble 1

Fig., 5 Shéws the ranges of free iron and total iron abundances, which )
are functions of température in the iunar interior and are bounded by errors
in the hysteresis curve slope, The lunar free lron abundance ranges betweeﬁ
4,5 and 0.5 wt. %; these limits correspond to thermal profiles Ty and T,
respectively. These thermal profiles have been selected to be upper and
“lower limiting cases, as can be seen upen comparison of Fig, b with thermal
profile descriptions in the text. We -accordingly calculate our free iron
svundance best value as q = 2,5 * 2,0 wb. %.

Total iron abundance (@) in the moon is, in addition, dependent upcn
compositional model, For the free iron/orthopyroxene model, upper and lower
limits on Q sre 13.7 and 11.8 wt. %,-respecéively; for free iron/olivine,
limits are 6.8 and 4.3 wt. %. - Assuming that the moon is composed of one or
a combination of these minerals and has a total iren abundance between 13.7

and 4.3 wt. %, we calculate the total iron abundance best value as

Q=9.0 +L4.7 wt. $., Free iron and total iron abundances are shown in

Fig. 6. (’ﬁgé. £
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We note here that the susceptibilities of both olivine and orthopyroxene .
are sbout an order of magnitude too small to account for the measured lunar
permeebility without some ferromagnetic iron present. Also, we can calcu-
late the-minimwn free‘iron abumdance in the.moon\consistent with the
hysteresié—curve measurements. To do this, we consider the extreme case
where the measured waole-moon permeability is assumed to correspond entirely.
to ferromegnetic iron in the cuter shell of the moon vhere the terperature
ig below the Curie point. For this case the bulk lunar iron acundance
Qis 0,9 & C.5 wt. %. Thig resuli is independent of Curie-point depth of

extrems
our three models. The/lower limit placed on the lunar free iron abundance

by our analysis, therefore, is 0.k wt. %.

Considerations of an iron core and iron-rich layer

The whole-moon permeability has also been uged o invegticate the
magnetic effects of a hypothetical iron core in the moen. Denzity and
mowent of inertis measurements for the mocn limit the sirve of suzh & cors
to less than 500 km in radius (Toksdz, l9?h). If this hypothetical iron
core were cntirely paramagnetic and the surrounding ¢ore were orthopyroxene
of average termperature 1100 °c the global permeability would be 1.0003,
This value is srwll compared to the measured permeabllity of 1,012 £ 0,006,
irplying that if such a small paramagnetic iron core exists, 1ts magnetizé-
tion is masked by magnetic material lying nearer to the surface. Therefore
the hysteresis measurements can neither confirm nor ruie out the existence
of a small iron core in the moon.

An iron-rich layer in the moon has been considered by several investi-
gators (e.gz., Wood et al,, 19703 Urey et al,, 1971; Gast and Giuli, 1972).

1% is possible that early melting and subsequent difierention of the outer
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of a high-density, iron-rich layer beneath a low-density, iron-depleted
crust.: Constraints have been placed on an iron-rich layer by Gast and
Giuli {(1972) using.geochemicai.and geophysical data (for examplé; measure-
ments of limar momenté of inértia) One set of their models consists of
high- dens:l.ty layers between depths of 100 km and 300 km. At a dep"ch of

100 km_the allcwed 1ayer thickness is 12 km the thlckness increases w1tn
inereasing depth, to 50 km at 300 km depth. Also presented are a set of
layers at 500 km depth. By using exactly the same cénsiderations ag vere
used in the iron abundance calculations, we calculate wﬁole—moon permeabili-
tiesg which would be gxpected from lunar models with these iron-rich layers.
The calculations 1ndlcate that iron-rich 1ayers allowed by geophysical
constralnto ag outlined by Gast and Glull, if wholly above the iron Cdr1e
tempgrature end therefore paramagnetic, would yield glcbal permeabllltles

of sbout 1.0C006, . As for the case of a small lunar iroen core, the rra,gnet'i—
zation rield of such paramagretic 1 vers would be magked by Lerron&pneulu
‘materials elsewhere in the moon, and the hysteresis curve measurements can
neither confirm nor rule out these layers. This conclusion would particu-
larly'épply to the Gast-Giuli layers at 500 km &epths,‘which would be almost
certainly pararagnetic.

I the iron-rich layers existed.shallow enough in the mocn to be below
the Curie temperature and were therefore ferromagnetic, then the measured
global permeability would be about 3;5. This value is well above the upper
limit for the actual measured permeability of 1.012 # 6.006, and thérefore
the Gast-Giuli layers can be ruled ouf if they are cool encugh to be ferro-
magnetic. It is important to note fhat the high-density layers discussed
by Gast and Giull (1972) can be thought of as limiting cases and that the“e
sre inmumerstle less dense and thincer layers which are allowed by gesophysical,
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geochemical and magnetic}constraints.

Effects of = possible lunar ionosphere on permeability and iron abundence

calculations

Measurements of the ApoiloﬂlB subsatellite magnetometer in the georag-
netic tail have indicated the possibility that an ionoé'here existe in the
region between the lunar surface and. the subsatellite 100 km mean altitude
(Russell et al., 1974k). Also, resgults from the Rice University suprathermal
jon dctector experiments indicate that charged particles reesured on Lhe lunar
surface could be from a lumar lcnosphere (Linderan el al., 1972}, I -
global lunar lonocgphere does exist, thén 1% could form a diemagnetic region
arowmd the moon which couid lower the geotail field H to a smaller maghe-
tizing field E’ and in turn result in a smaller fotal surface field B'.

Then plots of Apollo 12 data versus Txplorer 35 dats viold he vlots of
3 .

Bt ove A, causing the measured perreanility to he lower than the oo

lunar permeabllity (in contrast te the placma diammgnetion effeel dlccussed
earlier, which would tend to meke the measurad perneability higher).

Tf the asmmpison of Tussell et al. (1974}, thaet & sphericually
sywmetric dlamagnetic ilonosphere £111e the entire region between the lunar
surfoce and the suvsatellite 100 Y altitude, were found to be correct,

then our giobal lunar permeabilily would be adjusted upward, We have

g

determined the adjusted permesbility and iron sbundance valueg by modifying

5

equation (3) for a two-layer (shell/core) permesbility model, where in this
ecase the shell represents a lunar icnosphere of 100 km thickress and 10mo-
geneous permeability by and the core represents a lunar gphere of bulk

permeability . The modified version of equation (3) is

00



(2uy ) (ag=1) = 27 () (26 43)

€- 3
) (pge2) - 237 (o) (py =)

(7)

where X\ é;Rc/Hé;'Rc and R, are radius of the core {here the lunar globe)
and the outer radius of the ghell (ionosphere), respectively. From the
resulf; of Russell et al. (1974) we obtain g = - 0.0101 * 0,06039, Then
using-éolutions of equationsl(3) and (7) we find that our permeability best
value would be adjusted'upward‘slightly‘from 1;012 to 1,017, provided a
iunar ibnosphere exiszts., The corregponding free iron abundance best value
would be adjusted uwpward from 2.5 to 3.9 ﬁf; 4., Total iron content best
velbes would be sdjusted downward slightly from 12,8 to 12.1 wt, % for the’
ffee.ifen/orthopjroxene model, end from 5.5 to 4.7 wt. % for the free iron/
olivine model., Detailed calculations of the effects of a lunar icnoeaphere
on lunar iron comtent determinations will be deferred until a more deialled

ionospheric model is presented,



SUMMARY AND CONCLUSIONS
(1) Simultaneous measurements by lunar magnetometers on the surface
of the moon and in orbit around the moon are used to construct a whole-moon
hysteresis curve, from which the global Junar relative magnetic permeability is
determine::l to be 1,012 %0.006. )
(2) The corresponding global induced magnetization dipole moment is |

22

expressed u = 2.1 x 1677 H. For typical geomagnetic tail fields of H = 10—4 Oc,

the corresponding induced dipole moment is 20 x 1918 gauss—cmB.

(3) Both error limits on the magnetic permeability value are greater than
1.0, implying that the moon as a {vhole is paramagnctic and/or weakly ferromag-
netic. Assuming that the ferromagnetic component is free metallic iron of multi-
domain, noninieracting grains, the free iron abundancc in the moon is calculated
tobe 2.5 £2.0 wt, %.

(4) A free iron abundance exireme lower Hmit of 0.4 wi. %is calevlated
under the assumption that the global suscepiibility is due entirely to free jren in
the fervomagnetic state. This lower limit is independent of composition of the rock
matrix making up the bulk of the moon.

(5) Total iron abundance in the moon is determined by combining free
iron and paramagnetic iron components for two assumed lunar compositional models,
of orthopyrexene and olivine. For an orthopyroxene moon of overall density
3.34 g/-::m3 with free iron dispersed uniformly throughout the Junar interior,
the total iron abundance is 12.8 1.0 wt. %. For a free iron/olivine moon the
total iron abundance is 5.5 £1.2 wt. %. A summary of iron abundance calcula-
tions is given in Table 1. Using extreme upper and lower limits in Table 1, the
overall total iron abundance is expressible as 9.0 + 4.7 wt. %.

(6) Lunar models with a small iron core and with an iron-rich layer are

also discussed using (e Mersureo global lwiur permeadiilly ag @ cunbiruint. o

o\l
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small pure iron core of 500 km radius. (the maximum size allowed by Junar
-density and moment of inertia measurgments) ) v-vh_ich.is hotter than the iron Curie
point ‘('I'_>'AI‘_¢‘}'g would not be resolvable from the data since its magnetization field
would be small com}_)ared_to the induced field we mgasure. Similarly, anirvon-
rich la_yeriin the moon could not be resolved if the iron is paramagnetic, i.e., the
ironj‘is _-ﬁbOVe'the irop Curie temperature. Gast and-Giuli (1972) have proposed

a family of high-density layer models for the moon which are geochemically.
feasible. If these models are iron-rich layers lying near the lunar surface so
that T<TC » the ferromagneiic layers would y'}el_d 2 gloval permeability value well
above our measurcd upper limit. Therefore we conclude that such shallow

iron-rich-layer models are not consistent with our magnetic permeability

measurements.,
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TABLE 1

TRON ABUNDANCE OF THE MOON AS A FUNCTION
OF THERMAL AND COMPOSITIONAL MODELS

Free Iron Abundance, wt. %

Total Iron Abundaynce, wt %

- T |
\ “thermal i: .
model Mmoo l .
compositional™~_ - TE‘, Ta tJ:1 “L3‘, Ts o Ty
model .

R .;
i

o rbhopyroxene 1.C £ 0.5 2.0 £ 1.0 3.0 * 1.5 13k £ 0.3 13.0 % 0.5 12.6 £ 0.6
' ]

olivine 1.0 % 0.5 2,0+1,0 { 3.0%1.5 | 6.5%0.3 -| 5.9%0.7 | 5.3%1.0




Fig. 2

FIGURE CAPTIONS

Magnetization induction in the moon. When the moon is immersed in a

uniform external field H (in this case the steady geomagnetic tail field),

a §dip01ar magnetization field M is induced in permeable material in the
lunar interior, with the ciipole axis of M aligned along the direction gf

H. The total magnetic field near the moon is B=H +4 7 M. The magnetic
permeabilities of the two layers are |y and Hoo and for regions outside
the moon, p=H_= 1 (free space). His measuredlby the lunar orbiting '
Explorer 35, whereas B is measured by an A'pollo lunar surface magnetc-
meter (LSM). Measurements of B and H allow construction of a B-H
hysteresis curve for the sphere, from which permeability and iroﬁ

abundance can be calculafed.

Magnetic cnvironment of the moon during a lunar orbit, with eu‘nphésis
on the geomagnetic tail region. The plane of {ke lunar orbit very nearly:
coincides with the ecliptic plane of the earth's orbit. The earth's
permanent dipole field is swept back into 2 cylindrical region known as
the geomagnetic tail; at the lunar distance the field magnitude is ~10
gammas (1(}”4 oersteds). Also shown is the shock surface (“how shock™)
created by supersonic flow of solar wind plasma pas?t the geomagnetic
tail. Substructure of the tail consists of two "lobes"; the upper or
northward lobe has its magnetic field {dark arrow) pointingrroughly
toward the earth, whereas the lower lobe field points away from the earth.
The moon is immersed in the tail about four days of each orbit; the mosn
can pass through either or both lobes, depending upon the characteris=
tics of the particular orbit ﬁnd the orientation of the earth's magnetic
dipole axis.
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Fig. 3

Fig. 4

Fig. 5

!Hysterésié curve for the moon. Data points are 2703 simultaheous
2-minute averages of radial components of the external geomagnetic
4£i§ldég_iata_li (ﬂmeaSured'by the_lunar orbiting Explorer 35 Ames magneto-
m\eter) and total magnetic inducticn B = pH (B is measurcd by the Apclle
12 lunar surface magnetc:meter) . Data points are selected from four
lunations of measurements made when the moon is immersed in the uniform
geomagnetic tail field, far from the neutral sheet in the {ail. In this
low-external-field regime (~ 10 gainmas or 10_'4 Oe), the hysteresis curve
is linear and is fitted by a least-squares line of slope 1.C08 = 0.004. This
slope corresponds to a whole-moon magnetic permeability of 1.012 £ 0.006.
The least—squa?es line intersects the origin exactly in this figure because
the vertical-axis intercept (the radial or x-component of the reme;nent
field at the Apolio 12 site) was subtracted ouf afier the least-squares [it

was made,

Temperature profiles for the lunar interior published by various authors:
(1) Hanks and Anderson (1972); (2) Dyal et al. (1974); (3) Toksos
(1974); (4) Scnett et al. (1971). Superimposed is the pressure-

dependent Curie temperature for iron versus depth in the moon.

Iron abundance in the moon as a function of global hysteresis curve
pe. Freeiron abundance (q) and total iron abundance (Q) versus
the parameter G (hysteresis curve slope equals 2G+'1) for three
temperature profiles described in the text. Total iron abundance is
shown for two lunar composition models, orthopyroxene and olivine,
Arrows below the horizontal axis show the range of the parameter G,
experimentélly determined from the hysteresis curve slope: G = 04.004

#0.002. The shaded region delines the allowed values of free and total
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iron abundances, bounded by hysteresis curve error limits and by

thermal models Tj and Tq.

Fig. 6 Summary of global lunar magnetic permeability and iron abundances.
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LUNAR IRON ABUNDANCE

CURIE ISOTHERM

GLOBAL PERMEABILITY: .02 + 0.006
<« FREE IRON: 2.5+ 2.0 wh.%
L=

TOTAL IRON: - 9.0 + 4.7 wt. %




